Heterostructured thin films of lanthanum ferrite (LFO) and bismuth ferrite (BFO) with different thicknesses were successfully obtained by a soft chemical method. The films were deposited by spin-coating and annealed at 500°C for 2 h. The XRD pattern confirmed the purity of the thin films, where no additional peaks associated with impurity phases were present. The morphology analysis showed spherical grains with a random size distribution. The grain sizes increased with the number of BFO layers. The average grain size varied from 43 nm to 68 nm. The best dielectric results were obtained for the film with 6 LFO sublayers and 4 BFO top layers, in which the dielectric constant showed low dispersion. Since the capacitance-voltage curve for the film 6-LFO/4-BFO is symmetrical around null voltage, it can be inferred that this heterostructure has few mobile ions and accumulated charges on the film-substrate interface. In this film, polarization remains almost constant during 10 12 cycles before the onset of degradation, which shows the very high resistance of the films to fatigue. Magnetoelectric coefficient measurements of the films revealed the formation of hysteresis loops, and a maximum value of 12 V/cmOe was obtained for the magnetoelectric coefficient in the longitudinal direction; this value is much higher than that previously reported for pure BFO thin films.
Introduction
The development of multiferroic materials is a new horizon to be explored in the search for high performance and multifunctional devices. State-of-the-art devices can be made more versatile and flexible by adapting new technologies for data storage that offer substantial advantages with respect to energy consumption, speed, and data manipulation. Multiferroic materials [1, 2] simultaneously possess ferroic and antiferroic properties, and can be both ferroelectric and ferroelastic [3] , as well as ferroelectric and ferromagnetic [4, 5] . The coexistence of these properties in the same material is attractive for data storage applications, since twice the amount of information can be stored in the same volume, thereby increasing the storage density [6] . For binary data storage in MRAMs [7] and FeRAMs [8] , ferromagnetism and ferroelectricity are the two most exploited material properties. Special attention has been paid to ferroelectric thin films with perovskite structure due to their multiple applications, such as dielectrics for capacitors, piezoelectric sensors and transducers, pyroelectric detectors, electrostrictive actuators, accelerometers, and FeRAM and DRAM memories [9] [10] [11] [12] [13] . In recent years, the need for efficient transmission and storage data systems has grown exponentially in response to the wide demand for increasing storage volume. There is considerable technological interest targeted towards the miniaturization of these devices at accessible cost, but at the same time, having fast data reading capabilities, and low voltage of operation. Ferroelectric materials show spontaneous and remnant polarization, the direction of which can be reversed by applying an electric field in the direction opposite to that used to polarize the material. This relation between the polarization and applied field is non-linear, and is represented by a typical curve, known as ferroelectric hysteresis. When the electric field is removed, two states of polarization are possible: high remnant polarization ( þPr) and low remnant polarization ( À Pr). This makes it possible to create a binary device in the form of a ferroelectric capacitor (metal-ferroelectric-metal) that can be switched electrically. Either of the two states ( þPr or À Pr) can be designated as 1 or 0 in the computer memory. The polarization retention phenomenon depends on factors such as film thickness, Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/ceramint nature of the electrodes, grain morphology, annealing temperature, interfacial effects, and stress caused by the substrate. There is, for instance, a lower limit to the film thickness, below which polarization cannot be observed [14] .
Unfortunately, materials that are both ferromagnetic and ferroelectric are rare, and the search for a material with large polarization and magnetization at room temperature is still underway. To address this need, the synthesis of multiferroic thin films has been investigated. In multiferroic materials, ferromagnetic and ferroelectric properties coexist at room temperature and also, an intrinsic coupling of ferromagnetism and ferroelectricity is often observed [15, 16] , which is termed as the magnetoelectric effect. Multiferroic materials are electrically polarized when a magnetic field H is applied, or, conversely, when an electrical field is applied, it generates a magnetic field in the material [17] . The term multiferroic (or ferroelectromagnetic) is used to describe materials that show two or more primal ferroic effects (ferroelectricity, ferromagnetism or ferroelasticity) occurring in the same phase. The possibility of an ordered coupling of these parameters (polarization, magnetization and spontaneous deformation) makes possible the all-in-one integration of these systems, providing new degrees of freedom to future electronic devices [18, 19] . Among the well-known multiferroic materials, bismuth ferrites (BiFeO 3 or BFO) have been studied in-depth. Synthesized for the first time in 1950 by Kiselev, BFO is antiferromagnetic and has a Néel temperature around 630 K. Although promising, BFO has a large leakage current. Over the past few decades, many different methods have been employed to reduce the leakage current, but ideal behavior has not yet been realized for this material. The most promising works show that a hybrid structure based on combining BFO with another ferroelectric material is an interesting alternative to reduce its leakage current, improving its electrical properties, albeit with a lower polarization than the pure BFO thin film [20] [21] [22] [23] .
Lanthanum ferrites (LaFeO 3 or LFO) are oxides that crystallize in an orthorhombic distorted perovskite structure with antiferromagnetic properties [24] . These characteristics, in combination with a high Néel temperature, make these materials promising for applications in data storage industry, as components in magnetic/magnetic and magnetic/electric structures [25] [26] [27] [28] . Thus, LFO is a strong candidate material to improve the coupling between the magnetization and polarization states in bismuth ferrite. One obstacle to using multiferroic materials at room temperature is the large difference between the ferromagnetic and ferroelectric phase transition temperatures. Other problems that need to be addressed during the production of multiferroics for application in multiple state memories are polarization loss due to fatigue, imprint, and high leakage current and coercive field. Besides, the materials should also show magnetoelectric coupling at room temperature; this coupling can be monitored by applying a magnetic field while simultaneously measuring the saturation polarization and dielectric permittivity [29] . The parameters that are of the greatest interest to multiple state memories are, the values for remnant polarization, which has to be high, and that for coercive field, which must be as low as possible. Other important parameters include dielectric permittivity and leakage current. High dielectric permittivity is desirable, since it ensures a better performance of the capacitor. In parallel, leakage current must be small to avoid data loss, which would lead to a periodic recharge of the capacitor [29] .
With the aim to address problems of fatigue, retention, imprint and high current density in multiferroic capacitors, as detailed in the previous paragraph, new strategies have been developed for the growth of heterostructured thin films. The main idea is that, the coupling between the different interfaces, leads to new effects that can be used to create nondestructive data storage in memories. This type of interaction has potential applications in the fabrication of multiple state memory elements, in which information can be stored in the polarization state, or in the spontaneously magnetized state, thus leading to revolutionary technology for increased data storage at a high operation speed.
Experimental procedure
A soft chemical method [24] was used to obtain LFO/BFO thin films. The (100) Pt/Ti/SiO 2 /Si substrates were cleaned in an ultrasonic bath after which they were heated to 500°C for 1 h to activate the surface. Thin films were deposited by the spin coating process in which the polymeric precursor resin is dropped onto the substrate and spun at a pre-determined speed for a given time. A commercial spin coater (KW-4B, Chemat Technology) is used to spin coat the thin films; the operating conditions were set to be 5000 rpm for 30 s. Heat treatment under static air in a conventional oven was carried out to crystallize and densify the films. Each layer was pre-fired at 300°C for 1 h, at a heating rate of 3°C/ min. After pre-firing, the heating rate was increased to 5°C/min, reaching 500°C, maintained for 2 h. The number of LFO sublayers was kept constant while depositing two, four and six layers of BFO resulting in three heterostructures with different thicknesses. The crystallographic phase of the thin films was determined by x-ray diffraction analysis. X-ray diffraction patterns were recorded using a rotating anode tube diffractometer (Rigaku Rotaflex Rint model 2000), using Cu-Kα radiation (λ ¼ 1,5406 Å) in the 2θ range from 20°to 60°with steps of 0.3°/min. Morphological and microstructural characterization of the thin films was carried out using scanning electron microscopy (SEM). Micrographs of the thin films were taken by a field emission gun scanning electron microscope (FEG-SEM), model SUPRA 35-VP (Carl Zeiss), using an operating electron beam voltage of 6 kV. Surface morphology and mean grain sizes of the thin films were determined from atomic force microscopy (AFM), in tapping mode (Nanoscope IIIa -Bruker).
For the measurement of electrical properties of the thin films, gold electrodes of 2 Â 10 À 4 cm 2 area were sputtered on the surface through a shadow mask with 171 mm diameter holes. Dielectric properties, dissipation and resistance were measured as a function of the frequency, using a Hewlett Packard 4194 A impedance/gain phase analyzer in the frequency range of 100 Hz to 1 MHz, applying a small AC signal of 10 mV. Capacitance-Voltage curves were measured by applying a small AC signal of 10 mV and a frequency of 100 kHz. The AC signal was measured on the sample while varying DC signal bias from positive to negative. J-V measurements were recorded on Radiant Technology tester in the current-voltage mode, by changing the voltage from 0 to þ10 V, from þ10 to À 10 V and back to 0 V. Hysteresis loops were measured with the help of a Radiant Technology RT 6000 A equipment composed of a pulse generator and two probes connected to the electrodes, and a computer to process the data. Magnetoelectric coefficient measurements on the thin films were made using a dynamic lock-in technique. An AC magnetic field up to 10 Oe with a frequency of 7 kHz was superimposed onto the DC field. The AC field was produced by a Helmholtz-type coil (180 turns and 50 mm diameter), driven by an AC current generated by a function generator (Philips PM5192). The amplitude of the AC field was calculated from the driving current measured by a multimeter (Keithley 196 System DMM). Films were placed in the magnetic field with the surface perpendicular or parallel to the field direction, for longitudinal and transverse measurements, respectively. The DC magnetic bias field was produced by an electromagnet (Cenco Instruments J type). The time-varying DC field was achieved by a programmable DC power supply (Phillips PM2810 60 V/5 A/60 W) and a Hall probe was employed to measure the DC magnetic field. Fig. 1 shows the XRD patterns of the heterostructured thin films produced with two, four and six layers of BFO. The films crystallize in a perovskite structure with no preferential orientation, characteristic of polycrystalline materials. The XRD spectrum can be separated into two sets of well-defined peaks, one belonging to perovskite BFO and the other to LFO. Apart from the peaks related to the substrate (Si and Pt), no peaks from other phases, such as Bi 2 Fe 4 O 9 , were found. Therefore, it is inferred that pure thin films of LFO/BFO were successfully obtained by the soft chemical method. The absence of secondary or impurity phases in the films indicates that little or no chemical reaction/diffusion occurred between the layers of the different materials in the heterostructure. As can be seen from the XRD patterns, it's evident that increasing the BFO layer thickness results in films with higher intensities for the (104) and (112) crystalline planes, and with a low full width at half maximum (FWHM), due to the larger quantity of the crystalline material on the substrate surface. Fig. 2 show the cross sectional analysis of the LFO/BFO heterostructures. The distinct boundary observed separating the two layers indicates that the BFO thin films were deposited uniquely on the LFO sublayer surface, and no significant diffusion took place between the two distinct phases, which is consistent with the XRD analysis. Also, it can be observed that the film thickness increased with the number of BFO layers. This is due to the large volume of the organic citrate solution retained on the surface for posterior crystallization. The thickness of the Pt layer is around 150 nm, while the thin films vary in thickness from 224.5 nm for the film with two BFO layers, to 336.7 nm for the film with six BFO layers.
Results and discussion

FEG-SEM images in
AFM images showing the surface morphology of the heterostructured thin films, with the corresponding grain sizes are illustrated in Fig. 3 . Grains were spherical with a random size distribution. The grain size increased with the number of BFO layers. The surface morphology shows no cracks, and has a low porosity; the average grain size varied from 43 nm to 68 nm depending on the number of BFO layers deposited. The heterostructured films exhibited a very homogenous morphology, with no interaction between the sublayers, as previously observed in the SEM images. This observation allows us to conclude that the films are formed by a process of nucleation and growth that results in a homogenous and dense morphology, which in turn, has an effect on the multiferroic properties. In addition, it is clearly seen that increasing the number of BFO layers leads to larger grains and a rougher surface, as shown in Fig. 3-c. Surface morphologies of heterostructures with LFO as a sublayer are illustrated in Fig. 4 . The images show that grain size and morphology are uniform and homogenously distributed. Grain size analysis is essential, since most thin film properties, namely, leakage current, polarization retention and coercive field, difficulties in switching polarization, domain arrangements, and imprint, among others, are strongly influenced by grain size. It is noted that increasing the thickness of BFO layers promoted the densification of the thin films, due to a reduction in intergranular pores. This leads to a thin film with larger grain size with a homogenous size distribution. The plate-type growth typical of BFO layered structure is not observed here; this is due to the presence of a sublayer of LFO between the Pt substrate and the top BFO layer. Fig. 5 shows the dielectric behavior of the heterostructured LFO/BFO thin films as a function of the applied frequency. Dielectric measurements were carried out at room temperature, in the frequency range of 10 kHz to 1 MHz. Fig. 5 -a shows the decrease of the dielectric constant with increasing frequency, which could be due to interfacial defects, spatial charge polarization or interface polarization. For the films represented in Fig. 5-b and -c, the dielectric constant does not significantly change with frequency. The sample shown in Fig. 5-b has the highest dielectric constant, which may be due to the reduced number of oxygen vacancies, or may even be due to additional stress introduced between the LFO sublayer and the top BFO layer resulting from both the different lattice parameter of the two materials, and the thermal expansion coefficient of the LFO/BFO interface. The larger the dispersion of the dielectric constant with frequency, the greater is the number of interfacial defects, the presence of which has the following negative effects on the magnetic hysteresis loops: unsaturation, large polarization gaps, absence of reversibility of the magnetic domains, and a lower ferromagnetic coupling factor. In the films shown in 5-b and 5-c, the dielectric constant shows a very low dispersion, while at the same time having a good adherence to the substrate, which implies that the interactions at the heterostructure interface did not generate defects. The addition of LFO sublayer on the Pt substrate reduces the leakage current as compared to a pure BFO film on the same substrate [30] . This lower leakage current can be attributed to a decrease in the number of electrons injected into the cathode, in a way that they move very fast through the thin film. A low electric field was applied to the LFO film in order to overcome the repulsive forces; since these forces are higher due to an increase in the quantity of loaded charges retained. This study demonstrates that the morphology of the ferroelectric films plays an important role in determining the electrical conductivity. Since the conductivity is strongly influenced by the characteristics of the filmelectrode interface due to dielectric phenomena such as the creation of Schottky-type barriers, the low leakage current observed can probably be attributed to differences in grain size and density, and also to lower stress on the film surface owing to differences in the nature of the interface between the ferroelectric material and the electrode. This effect, related to the current density, contributes to the increase in the permittivity of the 6-LFO/4-BFO film (Fig. 5-b) .
The capacitance-voltage curves are shown in Fig. 6 . All the films show a strongly non-linear dependence on voltage, indicating that the ferroelectric properties originate from domain reversion. Furthermore, the observation that the curve for the 6-LFO/4-BFO film is symmetric around null voltage indicates that this heterostructure has few mobile ions and accumulated charges on the film-substrate interface, even though the presence of crystallographic defects makes it difficult to reverse the domains, leading to polarization saturation. The C-V curves for the films with two and six BFO layers indicate asymmetry in the maximum capacitance values, observed by reversion mechanisms of ferroelectric domains. This suggests the presence of retained charges at the film-electrode interface. Further studies on thin films deposited on oxide electrodes are being carried out, where the leakage current is reduced by avoiding the formation of spatial charges at the filmelectrode interface. It is noteworthy that for some hysteresis loops, saturation occurs at lower voltage values when compared to those determined from C-V curves. This is explained by the difference in the frequencies used to measure C-V curves and hysteresis loops. Polarization and capacitance depend on frequency; thus, the kinetics for ferroelectric domain reversion can be distinctly different, which has a direct influence on the shape of the curves.
Hysteresis loops for the LFO/BFO heterostructures are represented in Fig. 7 . At an applied voltage of 10 V, the films show remnant polarization values of 10.97, 20.35 and 13.79 μC/cm 2 , as shown in Fig. 8-a, b and c, respectively . These values are not intrinsic, but are probably induced by the high leakage current in these structures, as seen by the low values for polarization saturation in the P-V curves. Also, a weak hysteresis loop, common in conductive ferroelectrics, is observed. The hysteresis loops at room temperature for the LFO/BFO thin films with four and six BFO layers indicate polarization saturation, and a remnant polarization of 20 μC/cm 2 was measured after applying a voltage of 10 V. No signal due to leakage current was detected at 60 Hz. A lowering of the coercive field is expected when the thickness of the top BFO layer is increased. The films with more BFO layers had longer annealing times, resulting in higher defect concentrations. The observed remnant polarization of 13.79 μC/cm 2 at 10 V for the heterostructure with six top layers reveals that, after a certain thickness, defects tend to reach equilibrium in the crystalline lattice, as a result of which, the domains occupy energetically favorable positions without modifying the nature of the P-E curve. Fig. 7 -a shows a displacement along the coercive field axis in the positive direction. This phenomenon is known as imprint. Voltage fluctuations can damage the capacitor due to the apparent polarization loss in one of the reminiscent states as a result of which, the coercive field can increase along one direction. These effects may cause capacitor memory failure, and are coherent with the C-V and I-V measurement data. The origin of the electrical conductivity, which is critical to understand the conductive behavior, may be traced to oxygen vacancies, created to maintain electrical neutrality. In BiFeO 3 samples, oxygen vacancies increasingly ionize to compensate the gaps introduced by the addition of the sublayer. Oxygen vacancies are mobile positive charges that can move through the sample under high electric fields to maintain thermodynamic equilibrium. This results in a charge imbalance between the donor oxygen and the receiver lanthanum ions enabling n-type charge transport on the surface, while the region near the electrode becomes p-type. Applying an electric field opposite to the oxygen vacancies flux, they migrate to gaps, becoming an electronic insulator.
The variation of fatigue with the number of polarization cycles is represented in Fig. 8 . The heterostructured LFO/BFO thin films were analyzed under the application of bipolar pulses of 8.6 μs of 10 mV amplitude. Remnant polarization is calculated by the difference between the reverse and non-reverse polarizations. In ferroelectric thin films, the common causes of fatigue are the formation of a top layer, difficulties in switching domains due to the presence of accumulated defects in the region, difficulties in polarization due to volume defects, suppression of the nucleation of the oppositely oriented domain at the surface, and damage to the film-electrode interface. For the film shown in Fig. 8-a , an excellent fatigue resistance was achieved, around 10 15 polarization cycles. However, this sample not only has a small polarization, but also shows a decrease in the remnant polarization by more than 50% at 10 8 cycles. In Fig. 8-b , it is seen that the polarization remains almost constant during 10 12 cycles before the onset of degradation. For the sample shown in Fig. 8-c , a different behavior is observed where it is seen that the remnant polarization strongly increases around 10 8 cycles; this effect can be explained to be due to the suppression of the nucleation of oppositely charged domains at the surface. This increase in the remnant polarization leads to a higher local conductivity of the films in the region containing these nucleation sites. The fall and the consequent degradation of the film around 10 14 cycles is probably due to local increase in current, which eventually damages the film-electrode interface, diminishing the number of cycles of ferroelectric domain reversion. J-V measurements were recorded using the Radiant Technology tester in the current-voltage mode, by increasing the voltage from 0 to þ 10 V, switching from þ 10 to À10 V and decreasing the voltage back to 0 V (Fig. 9) . The curves were traced with steps of 0.1 V with a time of 1.0 s at each voltage. Initially, the current density rises linearly with electric field, indicating ohmic conduction. For higher voltages, the current density increases exponentially, implying that at least a part of the conductivity results from a Schottky or Poole-Frenkel type emission. It is also observed that the current density at 1 V decreases as the BFO top layer thickness is increased. The factors that contribute to this improvement are described below. The average grain size increases with BFO thickness. Since the conductivity is strongly affected by the characteristics of the metal-semiconductor contact, the film morphology strongly influences the changes in current density in ferroelectric capacitors. Another explanation for the decrease in current density is the reduction of micro-cracks caused by residual stress. Since lattice stress and phase transition vary along the bismuth layer thickness, the unit cell volume decreases during cooling and the residual stress is increased. The slight drop in the current density values can also be attributed to the difference in the sizes and shapes of the grains, their density and the surface structure. Thus, the characteristics of the film-electrode interface, and the surface morphology of the BFO films, predominantly determine the current density in metal-ferroelectric-metal like capacitors.
The plot of the magnetoelectric coefficient as a function of the polarization magnetic field in longitudinal and transversal directions reveals hysteretic behavior for the 6-LFO/4-BFO heterostructured film, as can be seen in Fig. 10a and b. The maximum observed magneto-electric coefficient of 12 V/cmOe in the longitudinal direction, is much higher than the values previously reported for pure BFO thin films (3 V/cmOe) in the same direction as a consequence of the antiferromagnetic axis of the artificial heterostructure, which rotates through the crystal with an incommensurate speed for a wavelength period of approximately 620 Å. Early reports showed that the spiral spin structure leads to a cancellation of any macroscopic magnetization and would hinder the observation of the linear magnetoelectric effect [31] . A significant magnetization, around 0.5 μB per unit cell, and a strong magnetoelectric coupling, can be expected in films under stress, suggesting that the spiral spin structure can be suppressed.
Conclusions
A composite-like multiferroic heterostructure composed of lanthanum ferrite (LFO) and bismuth ferrite (BFO) was successfully synthesized by a soft chemical method. The crystalline thin films have the perovskite structure. XRD patterns indicate two distinct phases characteristic of LFO and BFO. Except for peaks related to the substrate, no additional secondary phases are observed, demonstrating the purity of the films. Cross sectional analysis of the heterostructure reveals that the films are deposited uniquely on the substrate and on the LFO sublayer. Thicknesses of 224.5 nm and 336.7 nm were measured for the 6-LFO/2-BFO and 6-LFO/6-BFO thin films, respectively, (substrate thickness of around 150 nm, is not taken into consideration). Surface morphology showed homogenously distributed grains, and the average grain size increased with the number of BFO layers. The surface is free from cracks and has low porosity. The dielectric constant gradually decreases with frequency for the 6-LFO/2-BFO film, indicating interfacial defects and polarization of spatial charges, or interface polarization. The film with the composition 6-LFO/6-BFO showed the best dielectric behavior, with a high dielectric constant and a low variation with frequency, probably due to oxygen vacancies or stress introduced at the interface by the different lattice parameters of LFO and BFO. The low dispersion of 6-LFO/4-BFO and 6-LFO/6-BFO thin films indicate good adherence to the substrate and the absence of interface defects. Fatigue analysis presented excellent outcomes. The best result was for the film with the composition 6-LFO/4-BFO, in which reminiscent polarization remained almost unaltered up to 10 12 cycles after which degradation started. Though the other films also presented good results for fatigue resistance, reminiscent polarization fell by more than 50% during cycling for the 6-LFO/2-BFO film, and for the 6-LFO/6-BFO film, polarization increased due to the suppression of oppositely oriented domain nucleation at the surface, which resulted in a higher conductivity of the films locally, in the region with nucleation sites. The maximum magnetoelectric coefficient of 12 V/ cmOe in the longitudinal direction is a consequence of the antiferromagnetic axis of the artificial heterostructure, which spins at an incommensurate speed through the crystal.
